Abstract: A review of technologies surrounding the thermal management system of the modern diesel engine with increased attention on fuel consumption is presented. A systembased approach has been adopted, looking at the interaction with other key systems. Previous innovation has aimed at reducing the power consumption of the cooling system or incorporating different cooling strategies and improving the engine warm-up rate for improved fuel consumption by higher operating temperatures. Electrical pumps can operate independently of the engine speed, and precision cooling and nucleate boiling have improved the heat transfer within the engine, reducing coolant flow requirements by 90 per cent. Improved warmup rates have been demonstrated by using reduced thermal inertia or energy recovery systems either simulated on the test rig or through heat exchangers with exhaust gases. The resultant reduction in the fuel consumption is a result of various effects of the temperature on both the lubricating system and the combustion process. Despite difficulties in accurately measuring the engine friction, studies suggest that an increase in the engine temperature from 50 uC to 80 uC reduces the engine friction by 44 per cent because of 67 per cent lower oil viscosity. Simultaneous reduction in the emissions of nitogen oxides (NO x ) and the fuel consumption of 13.5 per cent and 0.7 per cent respectively have been achieved by including the engine thermal system in the calibration procedure. However, in-cylinder data needs to be studied to understand fully the mechanisms involved. Hotter engine temperatures reduce ignition delay, making combustion occur earlier in the cycle, which has a positive effect on the fuel consumption but a negative effect on the NO x emissions. Engine thermal management requires a system-based approach if the effects are to be fully understood but offers potential as an additional parameter in engine calibration.
INTRODUCTION
The thermal management system (TMS) of an engine is gaining importance in the search for reduced fuel consumption. In the past, the system has been used solely as a necessity to ensure the correct operation of the engine. Only over the previous 10 years have serious alternative cooling systems been proposed and tested, although only a small selection has achieved production. Now, however, as the requirement for reducing fuel consumption becomes ever more important, all subsystems of the engine are being reviewed in the search for small gains in performance. The potential of alternative cooling systems can be shown by the introduction of novel designs, but the physical processes involved in the operation of these new systems are complex and yet to be understood. The TMS interacts strongly with various other systems in the engine, most notably the lubricating and combustion processes. Other influences include the importance of engine temperature in the calibration maps of the engine control unit (ECU).
In this review, the effects of the engine's TMS operation will be investigated. Previous studies from the literature [1] [2] [3] show that optimization of the cooling system offers the potential to reduce the fuel consumption and emissions through the following:
(a) reducing the auxiliary power requirements; (b) adjusting the thermal state of the engine and noticeably by changing the friction characteristic of the engine; (c) influencing the combustion process.
Modern cooling systems will be considered using an integrated approach to the friction and combustion processes in an attempt to link the improved performance potential to the actual engine operating conditions.
ENGINE THERMAL MANAGEMENT

Current engine cooling systems
The cooling systems of modern diesel engines have to perform a number of tasks around the vehicle in addition to maintaining the thermal integrity of the engine structure. The cooling system also has influences on the oil temperature with the use of oil coolers, the exhaust gas recirculation (EGR) gas temperature, safety attributes through the demist capability of the vehicle, and the thermal comfort provided by the cabin heater [9, 10] . (Cooling EGR gases are essential for emissions control and to avoid reducing the in-cylinder mass through thermal throttling [4] [5] [6] . Very cold EGR gases have shown further improvements [7, 8] but these systems will ultimately only be achieved on a vehicle through the TMS.) Engine development has not yielded any significant improvements to engine cooling systems, but progress can be divided into two strands:
(a) improving the efficiency of the system, i.e.
reducing the pumping work required; (b) adjusting the operating temperature of the engine both in the steady state and during warm-up (this can be beneficial to both improved fuel consumption through higher operating temperatures and improved thermal comfort by providing cabin heat and demist capabilities earlier; however, while the two are complementary, they can also be in conflict when designing heat distribution around the engine).
Improving the efficiency of the engine cooling systems
Conventional engine cooling systems are designed to operate under extreme conditions (uphill trailer tow) and as such are operating excessively at most other driving conditions. For example, in the case of motorway driving, the engine speed is high, causing high coolant pump loads; however, owing to the high speed of the vehicle, a large cooling power is available over the vehicle radiator [11] . This results in both excessive pumping work and overcooling of the engine. As a result there is a large potential for improving the excessive power consumption of these units. To achieve this, various designs have been considered that aim to reduce power consumption either by active control systems or by improving the heat transfer in the engine. Descriptions of various techniques are given in the following sections.
Active control of the cooling circuit
As mentioned before, conventional cooling systems are passive systems where a mechanical pump is directly linked to the engine and the pumping power is directly linked to the engine speed. A wax element thermostat reacts to the top-hose coolant temperature and distributes the flow accordingly either through the radiator or straight back into the engine without significant cooling. Many applications have attempted to introduce active control, the most common being replacing the mechanical pump and wax element thermostat with an electric pump and an electronic valve [11] [12] [13] . These systems have been quoted to reduce the coolant flowrate by up to 90 per cent [14] and using a downsized pump with rated power a few orders of magnitude smaller (an electric pump rated 60 W replacing a mechanical pump rated 2 kW [15] ). The resultant change in the fuel consumption is offset by increased power conversion losses associated with the electrical system. (Utilization of a 42 V vehicle system would reduce these losses [14, 16] .) There have been reports of fuel consumption gains of up to 5 per cent [14] , although these systems often change the thermal condition of the engine which in itself offers improved fuel economy, meaning that the benefit attributable to the improved efficiency often remains unknown [10, 14, 17] . (The ability to control actively the thermal condition of the engine independently of the engine speed also offers potential gains that can be exploited when incorporating the TMS into the control strategy. This will be discussed in the following section.) Another method for controlling the coolant flow is to throttle the coolant pump [18] . The introduction of an active control system offers the potential for better temperature control, and the set point of the system may be controlled by the metal temperature rather than by the coolant temperature [19] . This will help to avoid overcooling of the engine, although the coolant temperature should also be monitored to prevent boiling and catastrophic failure. Reducing the fan on-time also contributes to lower fuel consumption [14] . The use of electronic components will increase cost, and this is perhaps the main reason why they have rarely been put into production and only on more expensive vehicles. Brace et al. [18] investigated a pressure-regulated thermostat in which the wax element sensed temperatures on both the hot side and the cold side, meaning that the cracking temperature could be linked to the cooling potential over the radiator. The cracking temperature was increased when the bottom-hose temperatures were low, preventing overcooling, and reduced when bottom-hose temperatures were high (e.g. in a trailer tow situation). No further analysis specific to this device was presented, although it would seem that this device offers the potential of reducing the cooling system size (the radiator and flow requirements).
The following concepts are aimed at improving the heat transfer in the engine to reduce the required coolant flowrates, which in turn reduce the coolant pump power.
Precision cooling
This is a technique well described by Clough [20] , focusing cooling inside the block and head more intensively to critical areas by adjusting piping and introducing cool jets into the flow. The effect on the engine block design is shown in Figs 1(a) and (b) . The work involves matching the coolant velocities in the coolant jacket to the local heat fluxes to avoid excessive or insufficient cooling. Increased coolant velocities improve the convective heat transfer in critical areas, as can be seen in Fig. 2 , where the heat flux from the wall to the coolant is plotted against the wall temperature for three different coolant velocities. As the coolant velocity increased, more heat is extracted, thus reducing the coolant flowrate requirements. The result was a reduction in the coolant flow by 65 per cent but an increase in the pressure drop of 30 per cent. This yielded a 54 per cent reduction in the power consumption. (Precision cooling also reduces the coolant volume which helps during warm-up; this will be discussed later in this paper. The temperature distribution is also reduced across the engine, yielding lower thermal loading on Fig. 1 The effect of the precision cooling philosophy on the engine cooling jacket. (Reprinted with permission from reference [20] F 1993 SAE International) the engine and contributing to better reliability and durability.) The initial work by Clough [20] was conducted utilizing one-dimensional analysis using pipe network theory to design the approximate diameters of jacket cross-sections although this technique is now more widespread and incorporated at the design stage with extended use of computational fluid dynamics (CFD) models to optimize coolant jackets [22, 23] .
Nucleate boiling
By allowing the boundary layer of the coolant jacket to operate at its boiling temperature, the heat transfer coefficient is enhanced, making the system more efficient at removing heat and allowing lower pumping work through a lower flow requirement. Figure 2 shows the heat flux as a function of the wall surface temperature. As the fluid near the surface begins to boil, the heat flux is improved, as illustrated by the change in gradients of the curves. In this condition, small bubbles of vapour form at the convective surface of the fluid. As the vapour forms, it leaves the boundary layer and moves up into the bulk fluid.
As the bulk fluid is at a lower temperature, the vapour bubbles quickly condensate back into the fluid. It is important that this occurs and that a level of saturated boiling does not occur; in this case the bulk fluid temperature would be at boiling temperature and large pockets of vapour would form, which could rapidly lead to coolant spill and catastrophic failure [10] . Very few engines are designed for nucleate boiling and it is often used as a safety margin. Lee and Cholewczynski [24] estimated that, under severe driving conditions, 60 per cent of heat-absorbing surfaces in the coolant jacket experienced nucleate boiling. This was estimated by looking at changes in the temperatures at different coolant pressures. It is important to note that, if nucleate boiling were to occur, this would need to be accounted for in CFD models to avoid inaccuracies [25] . In addition, it would be anticipated that components that did experience nucleate boiling would be relatively insensitive to the bulk coolant temperature.
Reverse cooling and split cooling
Different coolant flow strategies have been used in an attempt to improve the system efficiency. Reverse cooling involves pumping coolant through the head and then through the block, as opposed to the conventional system. This has the advantage of colder coolant in the head, thereby improving heat transfer by means of the higher temperature difference and reducing heat transfer in the block, which can therefore be kept at a higher temperature. There are issues in allowing vapour bubbles to escape, which will naturally sit at the top of the engine [10] . Split cooling, as the name indicates, involves separate cooling circuits for the head and the cylinder. In the same way as reverse cooling, this can supply colder coolant to the head and improve heat transfer. (Split-cooling circuits allow the engine head and block to be controlled to different temperatures, which offer another parameter of engine control that can be used in engine optimization for further improvement. This will be discussed in greater detail in the following sections.)
A full description of these techniques and others may be found in the work published by Pang and Brace [26] .
Systems using combinations of the above technologies have been reported to give fuel consumption benefits over a drive cycle of 2-5 per cent [14] . However, in all cases the change in the system caused the engine to run 10-20 uC hotter than the baseline vehicle, meaning that the overall fuel consumption gain is the result of both efficiency gains and the new thermal state of the system. It is essential therefore to consider the effects on the thermal state; this will be covered in the following section.
The thermal state of the engine
The previous technologies were seen to change the thermal state of the engine, usually causing the Fig. 2 Dependence of the heat flux on the coolant velocity, illustrating the effects of nucleate boiling [25] engine to run hotter. This would be expected to reduce the fuel consumption by increasing the engine oil temperature and hence reducing the oil viscosity (this will be discussed further in section 3). The introduction of active control of the engine TMS allows freedom to vary the coolant temperature across the speed load map of the engine. Couetouse and Gentile [17] developed a TMS control system around an electric coolant pump, electric control valve, and shutters to control airflow over the radiator. By measuring the inlet manifold pressure and the engine temperature to estimate the engine power, two coolant temperature set points were defined as 115 uC at low loads and 100 uC at high loads. The coolant temperature was sensed at the heater inlet (which would be equivalent to the engineout temperature if heat losses in the pipes are neglected) and controlled by a combination of the three actuators. The advantage of the two set points was to reduce friction at low loads by allowing the oil to operate at a higher temperature while avoiding excessive temperatures at high loads. Similar control strategies have been implemented more recently both experimentally [27] and in simulation environments [16] but, in these studies, no impacts on the engine or oil durability were discussed. The concept of a variable coolant temperature was improved by Matteo et al. [19] who controlled the coolant temperature to maintain a constant metal temperature over the operating map of the engine. This is also referred to as critical component temperature control [10] . This control allows frictional losses to be reduced and can contribute to engine reliability as critical points may be monitored rather than the bulk coolant temperature [14] , which may not be representative of the metal temperatures if nucleate boiling is occurring.
Improving the engine's warm-up performance
The previous section outlined research where increased operating temperatures resulted in improvements in the fuel consumption, most probably by virtue of the lower oil viscosity and lower friction. Studies of the real-world usage of passenger cars have shown that about a quarter of journeys were less than 1 km and over half less than 3 km [28] . This highlights the requirement for good fuel economy from a cold start. Also, improvements in the cold start will improve both the passenger comfort by faster cabin heater performance and the safety by earlier demist capabilities [10] .
The effect of engine warm-up on the engine fuel economy has been quantified by Kunze et al. [29] who compared the fuel consumption over a coldstart New European Drive Cycle (NEDC) and a hotstart NEDC. They found 10 per cent higher fuel consumption over the cold test which is comparable with results from the University of Bath.
A series of concepts have been tested to improve the warm-up time of an engine with contrasting results. Brace et al. [18] installed a throttle at the outlet of a conventional mechanical pump but, while steady state temperatures were 10-15 uC hotter with the throttle partially closed, the system had no effect on the warm-up rate over a NEDC. Similar results were observed in other systems [1, 19] , which suggest that reductions in the coolant flowrate have minimal effects on the warm-up rate, but significant effects on the steady state operating temperature. This is shown in Fig. 3 where the engine temperatures remain the same in the baseline or the advanced systems but settle at different fully warmed-up temperatures.
An interesting comparison with these studies is the work published by Choukroun and Chanfreau [27] . Using an electric coolant pump and control valve, they limited coolant flow and, similar to other results [18] , achieved higher steady state operating points and reduced fuel consumption by 2 per cent for a 20 uC temperature increase. By completely stopping coolant flow in the engine over the first 300 s of a cold-start NEDC, they managed to cut warm-up by 50 per cent. They claimed a 2-3 per cent benefit in fuel consumption, but it is unclear if this is compared with a baseline operating at the same temperature set point. A second phase of their work, on a different drive cycle and vehicle, separated the two factors as initially a low-coolantflowrate system that offered a 2 per cent benefit in fuel consumption and a 'no-flow during warm-up' system that offered very few further benefits. This suggests that, although suppressing the coolant flowrate during warm-up seems to reduce the coolant warm-up time, this is not reflected in the engine fuel consumption. As a result, care should be taken when quantifying the engine warm-up, and parameters other than the coolant temperature should be taken into account. The oil temperature would be an obvious choice, but studies may involve a more complex description including the localized metal and fluid temperatures.
A second approach involves reducing the thermal inertia of the cooling system or engine and is a good way of reducing the warm-up time [10] . Precision cooling systems have contributed to this by having narrower passages within the engine. These reduce the coolant jacket volume by up to 64 per cent, allowing warm-up times to be 18 per cent faster [20] . Assessing the impact on the fuel consumption due to the improved warm-up rate is rarely published in the literature as it requires long periods of testing, comparing the baseline with the modified system over a repeated cycle. As a result, much interest has been oriented towards modelling complete cooling systems. These models are usually split into two main sections, and may be used either in conjunction or individually.
1. Flow models simulate the hydraulics occurring in the system. These model the behaviour of pumps, valves, engine block, heat exchangers, and pipework as a series of resistance networks [16, 23, [30] [31] [32] . In most cases, CFD is used to analyse the flow resistance through complex components such as the cylinder block and head [30, 32] . 2. Lumped-capacity nodal models [30, 33, 34] are used to analyse heat transfer between the elements of the engine. These models are constructed in nodes representing physical masses in the engine (a section of the block, a section of the head, the coolant or part of the coolant, the engine oil, etc.) These nodes are then linked through different modes of heat transfer according to their respective interactions (e.g. forced convection between the cylinder walls and the coolant jacket). The models then need to be linked to heat sources which can either be simple power sources or include a model of the combustion process [35] and basic friction models to estimate friction heat dissipation [33, 34] . In addition, the heat sink at the radiator can simply be a specified output temperature or can make use of CFD models of airflow through the underhood environment [36] .
Using a model such as that described previously, Torregrosa et al. [37] simulated the effect of reducing the coolant volume and reducing the flowrate and found that reducing the mass of coolant had the most significant effect in shortening the warm-up time. The concept was then produced experimentally and the combination of the reduced coolant volume and flow reduced the fuel consumption by 1.64 per cent. Figure 4 shows the breakdown of fuel consumption over the NEDC. Fuel consumption differed from the baseline only while the engine was running at a higher temperature (first three urban cycles), but changes were found to be statistically significant. Engine emissions were also affected which suggests that the combustion process is also affected. A reduction of up to 30 per cent in carbon monoxide (CO) and total hydrocarbons (HCs) was observed combined with an increase of about 10 per cent in nitrous oxides (NO x ), confirming the findings of other studies [26] .
For best engine warm-up, all heat should be kept in the engine and used to warm up the various oils and metal components. However, the safety requirement for demist capability and cabin comfort causes a conflict of where to distribute heat during warmup. Ultimately safety and customer requirements have dictated the end product, and this is taken into account in the control strategy [19] .
Faster engine warm-up can also be achieved by additional heat injection into the system. Concepts that involve additional energy usage are detrimental to fuel consumption [38] . Energy recovery has a large potential for improved warm-up, although the problem of designing a system that is capable of then rejecting the excess heat is problematic [10] . Possible ways to recover otherwise waste energy include coolant to exhaust gas heat exchangers [39, 40] or the storage of energy from previous warm operation by the use of insulation [41] . In both cases, the engine use is an important factor in performance gains. The colder the engine start condition, the higher the fuel economy gains are; Kay et al. [39] obtained reductions of 1 per cent and 9.5 per cent in the fuel consumption for engine start temperatures of 20 uC and 218 uC respectively. This is best explained by the exponential relationship of the oil viscosity to the temperature which will be covered in section 3. In the latter case, where energy is stored from the previous cycle, clearly the usage interval of the vehicle will be important and, in cases of extended use, an oversized cooling system may be necessary.
In most engine studies, reduced fuel consumption during hotter running often remains unexplained [1, 37] or is assumed to be solely the result of lower engine friction as a result of changes in the oil viscosity with the temperature [9, 18, 26, 42] . A more detailed look at the engine friction will be presented in section 3 to understand better the thermal effects on engine lubrication. In addition, the changes in combustion emissions [26, 37] highlight the impact of the engine temperatures on the combustion process and it is important to note that the fuel consumption may also be influenced in this way. This aspect will be considered in section 4.
ENGINE LUBRICATING SYSTEM
This section will cover the lubricating system in modern engines. Initially a description of engine friction and lubricant chemistry will be presented, followed by the thermal effects on the engine friction. Finally, considerations for the engine warmup will be presented.
Engine friction basics
Friction in internal combustion engines is strongly linked to the conditions experienced by the lubricating oil. As a result, depending on the speed, load, and oil properties, three regimes can occur [43, 44] .
1. Boundary lubrication. The surfaces are in contact and rubbing against each other, and friction depends on the surface properties of the two materials. 2. Hydrodynamic lubrication. An oil film builds up between the two surfaces and completely separates them. In this case, the friction is only a result of the shearing of the fluid and is highly dependent on the oil viscosity. 3. Mixed-lubrication regime. As the oil film breaks down, some contact occurs between the two surfaces.
The Stribeck diagram, which shows the change in the coefficient of friction for each of these regimes, is given in Fig. 5 . This demonstrates the friction coefficient for increasing speed and oil viscosity and decreasing load. Under the boundary-lubrication regime the coefficient of friction is high but, as an oil film builds up in the mixed regime, friction drops rapidly before increasing as the shear forces in the fluid become larger in the hydrodynamic regime. As a result, reducing the engine friction cannot be achieved by reducing the oil viscosity indefinitely, as this is required to build up the lubricating film between moving components. Lechner et al. [45] studied the effect of the oil viscosity grade on the fuel consumption and observed a drop in fuel consumption of 7 per cent when using SAE 5W-30 oil instead of SAE 10W-40 oil (equivalent to a 33 per cent drop in viscosity [43] ), but this was followed by a 7 per cent increase if SAE 5W-20 oil was used (equivalent to a further 33 per cent drop in the hightemperature viscosity [43] ). Lechner et al. offered no hypothesis as to why this occurred, but it could be explained by reduced friction which caused increased boundary lubrication as the oil films break down within the engine. This would also cause excessive wear and reliability issues.
Experimentally, only one technique exists that enables the total engine friction to be measured in a firing engine: the indicator diagram method [44] . This involves comparing the indicated mean effective pressure (IMEP) with the brake mean effective pressure (BMEP) output of the engine. The difference is the friction mean effective pressure (FMEP) and the accessories' load. The issues with this method involve the correct alignment of the pres- Fig. 5 The Stribeck curve and different lubrication regimes sure signal that depends heavily on being able to detect top dead centre (TDC) accurately [46] . Also, as both the BMEP and the IMEP are large compared with the FMEP, the latter is ill conditioned and difficult to distinguish accurately from the errors of the two larger measurements. Other methods involve motoring the engine, or specific parts of the engine, and fail to represent real operating conditions because of the lower temperatures and reduced in-cylinder pressure [47] . However, engine motoring tests have allowed the friction contributions of individual components to be determined through the use of breakdown or teardown tests [48, 49] . Factors contributing to the engine friction are numerous, but the components studied by the majority of researchers are the piston assembly, the main bearings, and the valve train. The pumping work is sometimes also included as the friction of the air in the intake manifold and through the exhaust system. The results from motored engine breakdown tests are varied for a number of reasons, and Fig. 6 shows the scatter of results, but piston assembly contributions tend to represent 40-70 per cent, main bearings 12-40 per cent, and valve train 19-35 per cent [50, 51] . The explanations for the varying friction include [52] the following:
(a) engine design, e.g. the number of piston rings, number of valves per cylinder, or types of follower; (b) lubricant chemistry, including the base oil viscosity properties, viscosity index modifiers that change the temperature profile of the oil viscosity, and friction modifiers (FMs) that change the boundary lubrication properties of the system; (c) operating conditions which determine the loading and speed at the lubricating surfaces.
Friction in the piston assembly is the most complex as large variations in the speed and load occur over a single cycle. Friction arises because both the piston rings and the piston skirt rub against the cylinder liner. The rings are loaded against the liner through their pre-tension and under the effect of the in-cylinder pressure. The skirt will tend to lean against the liner as a result of the reaction of the connecting rod. It is generally assumed that the piston skirt acts in the hydrodynamic region throughout the engine cycle, while the piston rings have a more complex operation [53] [54] [55] [56] . When the piston is midstroke, hydrodynamic lubrication occurs. As the piston approaches TDC or bottom dead centre (BDC), the reduction in speed causes the oil film to break down. At TDC combustion, this is enhanced by the build-up of the cylinder pressure, which increases the loading further. This has been observed by measuring the frictional force acting on the cylinder liner; a spike is seen around TDC and BDC, characteristic of a move into the mixedand boundary-lubrication regimes [46, 51] . Overall, piston friction occurs mainly in the hydrodynamic regime and is therefore highly sensitive to the lubricant viscosity.
The main bearings operate in the hydrodynamic regime, although there are claims of mixed lubrication during peak cylinder pressures [57] . As for the piston assembly, the bearing friction is sensitive to the oil viscosity.
Valve train studies are limited but suggest that boundary friction dominates between the cam and follower. This has been observed following reports of Fig. 6 Friction breakdown for various engines [50] . The higher degree of piston friction could be due to a large number of piston rings whereas the higher degrees of valve train friction could be due to a larger number of valves per cylinder increased friction with increasing engine load [46, 58, 59 ] and reduced friction with increasing engine speed [46] . As the valve train does not operate in the hydrodynamic regime, it is less sensitive to the oil viscosity and can even increase for reduced viscosity [52] . However, boundary friction can be influenced by adding FMs to the lubricant.
Lubricant chemistry
Lubricants are the result of a base stock which can be of either mineral or organic origin and a collection of additives which represent only a small fraction of the final product [60] . Automotive engine oil viscosities are highly dependent on the temperature and decrease exponentially with increasing temperature [43] . The relationship between the viscosity and the temperature is quantified by the viscosity index (VI) which is an arbitrary scale assessing the change in viscosity between 38 uC and 100 uC. Initially the scale of VI was 0-100 although, to perform satisfactorily in modern engines, oils now have VI levels above 150 [43, 60] . To achieve this, additives known as viscosity modifiers or viscosity index improvers are used. These are polymeric molecules that have a temperature-dependent structure; at low temperatures, they coil into a ball and have little effect on the fluid viscosity but, at high temperatures, they uncoil and become surrounded by oil and considerably increase the oil viscosity [60] . Figure 7 shows the viscosity-temperature relationships for two single-grade oils and one multigrade oil; both single grade oils have a VI of 95 and their viscosities decrease similarly with increasing temperature. The viscosity of the multigrade oil, SAE 5W-30, decreases much less with increasing temperature and has a VI of 162. The multigrade oil would be obtained from the base stock of the SAE 5W oil with the addition of the appropriate concentration of VI Improvers to obtain the viscosity of SAE 30 oil at higher temperatures.
Other important additives are FMs, designed to improve the boundary-lubrication characteristics, reducing the friction coefficient on the extreme left-hand section of the Stribeck curve (Fig. 5) . These molecules have a polar constituent that attaches to the lubricated surface, while organic chains in the molecule absorb a layer of oil. They are very effective at reducing friction in boundary lubrication as long as the temperature does not rise so as to cause decomposition of the molecule or desorption of oil on the surface [60] .
The effects of FMs have been tested both in engines [44] and on isolated test rigs, such as the Cameron-Plint machine [61] (which is used to simulate piston liner friction), and give inconsistent results. Two types of FM were tested, namely molybdenum dialkyldithiocarbamate (MoDTC) and an organic FM, and at two different concentration levels. On the Cameron-Plint machine, a high concentration of MoDTC FM yielded the largest drop in friction coefficient (66 per cent) while the organic FM gave an improvement of only 16 per cent. In contrast, during engine dynamometer testing, the organic FM offered the best potential in FMEP gains (4.5 per cent) whereas the MoDTC FM showed no significant improvements. The differences in results were suggested to be due to operating conditions (loading, temperatures, soot contamination, etc.), which highlights the difficulty in performing accurate testing in this area.
Some other additives necessary in lubricating oils are listed briefly below, but for a comprehensive understanding, the reader is directed to references [43] , [60] , and [62] .
1. Antioxidant and anticorrosive additives. These additives prevent the formation of deposits and acid products that would damage the bearing alloys. 2. Detergent and dispersion additives. These additives aim to minimize deposits in the hotter parts of the engine. 3. Pour-point depressants. These additives aim to reduce the minimum operating temperature of oil by inhibiting wax agglomeration.
The effect of any modifications to the thermal state of the engine will need to be assessed against Fig. 7 The effect of viscosity modifiers on the base stocks (note the logarithmic scale of the y axis) the stability of any of the lubricant substances to ensure correct operation and durability of the engine oil.
Effects of the thermal state on the engine friction
Shayler et al. [63] demonstrated the overall effect of the engine temperature on the engine friction; Fig. 8(a) shows the FMEP against the oil viscosity, and Fig. 8 (b) the oil viscosity against the temperature. Increasing the oil temperature causes a drop in the oil viscosity, which results in a reduction in the overall engine friction. In reality, this reduction would be a cumulative effect of the changes in friction. In all cases, when the oil viscosity is reduced, a shift to the right on the Stribeck curve occurs (Fig. 5) . Where friction occurs in the hydrodynamic regime, a reduction in the oil viscosity will reduce the engine friction; in contrast, in areas where friction occurs in the mixed regime, there will be rises in friction for reduced viscosity. Overall, the hydrodynamic lubrication regime appears dominant, and this results in a reduction in the engine friction with increasing viscosity. This is consistent with the various contributions to the total friction described previously. Wakuri et al. [46] measured the engine friction using the run-out method on an indirect-injection diesel engine. The run-out method consists in running the engine to steady state operating conditions and then suspending firing. The deceleration of the engine was then studied to determine the FMEP.
While this method fails to include the effect of the in-cylinder pressure which plays a significant part in both the piston assembly and the bearing lubrication, it does allow for representative oil temperatures. The accuracy of the method can be questioned as it is based on deceleration of the engine, and friction is known to vary with the engine speed. Wakuri et al. varied the cooling-water temperature under steady state conditions to vary the oil sump temperature. At a speed of 2000 r/min, they found a 44 per cent drop in the engine friction when the oil temperature was increased from 50 uC to 80uC (Fig. 9 ). This drop is coherent with the drop in the oil viscosity over the same temperature range from 0.04 cP to 0.013 cP (67 per cent) [43] . As total friction is not fully dependent on the oil viscosity because of the mixed-and boundary-lubrication regimes, a discrepancy would be expected between the two values. Daniels and Braun [48] studied the individual component contributions for coolant temperatures of 25 uC and 85 uC. This study was conducted on a spark ignition engine, although no combustion events occurred as motored breakdown tests were used, and this will result in significantly lower local temperatures. The increased coolant temperature caused an increase in the oil sump temperature from 25 uC to 77 uC. The breakdown tests showed significant reductions in the piston assembly and main bearing friction, 66 per cent and 85 per cent respectively, but an increase in the valve train friction (33 per cent). This can be understood by referring to the Stribeck curve ( Fig. 5) and confirms that the change in the total engine friction following the oil viscosity change is the result of opposing increases and decreases in friction from different components. Although not obvious in this study, FM additives and their reaction to the temperature will also shape the FMEP. The valve train operates in the mixed-and boundarylubrication regimes and, as the engine oil warms up, its viscosity decreases, pushing the operation further into the boundary regime. In contrast, the piston and bearings operate in the hydrodynamic regime and their friction is reduced with increasing oil viscosity. Owing to the relative friction contributions of each component group, the overall FMEP in the study by Daniels and Braun [48] was seen to decrease by 26 per cent. This is significantly lower than the results published by Wakuri et al. [46] .
The discrepancies between the results described above could be due to numerous facts including the engine design and the testing procedure but could also be a result of experimental error as no details on confidence intervals were given. In addition to the design and lubricant considerations listed previously, as the engine used by Daniels and Braun was a spark ignition type, it would be expected to have a lower compression ratio, which would affect the piston ring friction. However, insufficient engine and oil data were published to comment further on this aspect. Most importantly, the run-out test [46] would lead to much higher oil temperatures due to combustion heat, giving lower viscosities than the motored engine test [48] .
A large number of engine friction models have been published with various levels of sophistication [50, [52] [53] [54] [55] . The simpler models are often related to the engine speed and use assumptions based on the lubrication regimes of individual components. More complex models attempt to determine the oil film thickness by solving the Reynolds equation and are based on assumptions of the inlet and outlet conditions at precise points in the engine. Taylor [52] , using a model based on solving the Reynolds equation [64] , predicted a 66 per cent reduction in the friction when the oil temperature is increased from 30 uC to the operating temperature (between 100 uC and 150 uC depending on the components).
Engine oil warm-up
Experimental studies on engine oil warm-up are very limited. The work by Brace et al. [18] has already been mentioned where the coolant flowrate was limited to minimize the heat loss from the engine but had little effect on the warm-up rate. When assessing the oil temperatures, these workers found little difference in the oil temperatures over the range of coolant flowrates (Fig. 10) .
A second approach is the addition of heat to the oil. Kunze et al. [29] used their model to assess the effect of increased addition of heat to various fluids during the NEDC. They predicted a 1.5 per cent fuel consumption benefit by the addition of 2 MJ of heat to the oil, but they offered no insight into how this may be implemented practically. In addition, their predictions were not reproduced experimentally, where an increase in fuel consumption was obtained from preheating the engine fluids. It was not clear whether this was due to a lack of precision in the model or the constraints of the experimental methods but does highlight the difficulties in transferring results from the nodal models to the real engine and the challenges involved in experimental work in this field. Since the engine friction is difficult to measure, mathematical models suffer in terms of confidence and accuracy. The engine thermal models that then use these friction models inherit these inaccuracies.
The work by Andrews et al. [40] is a practical implementation of the study by Kunze et al. [29] ; heat was added to the coolant during the warm-up period by installing a coolant heat exchanger in the exhaust manifold. The heat was then transported to the oil via another heat exchanger with the coolant. The tests were run from cold start on a steady state rig. The additional heat increased the warm-up rate of the oil by an average of 8-12 uC, yielding a 12-15 per cent reduction in fuel consumption (Fig. 11) .
Reduced fuel consumption is the result of faster warm-up rather than simply the increased fully warmed-up operating temperature as in the majority of other studies described in section 2. Figure 9 also shows the effect of a coolant-oil heat exchanger. It can be seen that this alone provides a significant improvement in fuel consumption (8-10 per cent) during warm-up.
As was seen in the case of the coolant circuit, the warm-up rate of the oil may be improved by a reduction in the oil volume. Figure 12 shows that the bulk oil temperature lags behind the coolant temperature and, following a cold start, remains almost constant for the first 150 s of operation because the bulk oil in the sump acts like a heat sink to the returning oil that has been heated as it was fed through the engine. Obviously, reducing the thermal capacity of the sump oil will improve the warm-up rate [40] .
The conflict of reducing the oil volume, besides the obvious requirement of a minimum oil volume to ensure a consistent supply of oil to the whole engine, is the need to maintain reasonable service intervals. As a result, the total volume of oil should not be reduced significantly. Law et al. [65] used novel sump designs based on a wire mesh stratifi- cation or the use of an additional thermostat to encourage the circulation of a smaller volume of oil during warm-up ( Fig. 13(a) ) and to raise the oil pump pick-up temperature. When the oil was hot, the total volume of oil was used to ensure oil durability ( Fig. 13(b) ). The improvements in fuel consumption as a result of the new system are dependent on the engine start temperature, as in the case of overall engine warm-up (section 2). From a -10 uC start, the oil temperature was found to be up to 15 uC hotter over the first 2 min (Fig. 14) and this resulted in a 10 per cent reduction in the engine friction (determined using the indicator method). The durability of this concept would have to be questioned because, if a number of short journeys were performed, there exists a high risk that the same volume of oil is used, which will reduce the oil life. The majority of engine friction models are very crude in terms of engine warm-up simulation and generally have the oil temperature as a model parameter taken from measurements. While engine friction models are often used to determine the friction heat generation as an input to the lumpedcapacity models (see section 2), the results from the lumped-capacity models are rarely fed back into the friction models to assess full warm-up capabilities. One example is the work by Jarrier et al. [33] , who used a nodal model in conjunction with an empirical friction model based on the engine speed to assess the effect of reducing the oil volume from 5 l to 1 l. This yielded a predicted 7 uC higher temperature during warm-up over the NEDC, resulting in a 5 per cent drop in the FMEP. While these results show a similar trend to the experimental work by Law et al. [65] , the use of an empirical friction model limits analysis to very specific applications.
A further improvement to the model presented by Jarrier et al. [33] included a detailed hydraulic circuit model [66] with which they pin-pointed other areas of potential warm-up improvement. They showed that, while the bulk oil temperature is important for reducing the total friction, increasing the local temperatures of oil at the operating point (e.g. in the bearings) can also reduce friction. They used the example of reducing the bearing clearance, which they predicted would locally increase the oil temperatures by 12 uC, thereby reducing the total friction by 5 per cent following a cold start. No experimental results were presented to confirm these benefits and no assessment of engine reliability was considered.
The previous studies on the interactions of the engine friction and the thermal systems showed that gains in fuel consumption are clearly linked, in part at least, to reductions in the engine friction. This is a result of a lower oil viscosity by running at higher temperatures. The absolute value of improvement is a complex result of opposing changes in friction in different parts of the engine; components operating under the hydrodynamic lubrication regime have lower friction whereas components operating under boundary-and mixed-lubrication regimes experience higher friction at lower oil viscosities.
Studies into engine oil warm-up are based on the principle of operating at higher oil temperatures sooner to reduce friction. Reducing the thermal capacity or increasing the heat addition to the oil show the most promising results for improving the oil warm-up rate. Finally, care must be taken when comparing results as improvements in friction or fuel consumption are larger for lower initial temperatures owing to the exponential nature of the oil viscosity-temperature relationship.
DIRECT-INJECTION DIESEL COMBUSTION SYSTEM
It was observed in section 2 that changes to the TMS yielded changes in fuel consumption and changes in engine emissions. This suggests that the engine thermal condition interacts with the combustion process and hence a study of these effects is necessary in addition to effects on the lubrication system. This will allow a full understanding of the processes and allow better calibration of the system as a whole. Initially a description of direct-injection (DI) diesel combustion will be presented together with traditional combustion control parameters before assessing the thermal interactions. 
The diesel combustion process
A conceptual model of DI diesel combustion has been established by Dec and co-workers [67] [68] [69] . These studies show the formation of the diesel flame; fuel is injected into the compressed air in the cylinder at around TDC. The hot air heats the liquid fuel to boiling temperature, then causes evaporation, and finally heats the fuel to its selfignition temperature. The time between the start of injection and ignition is known as the ignition delay and the longer this time, the more fuel will be mixed with the air to participate in the premixed combustion. This premixed combustion is a very violent Fig. 13 A novel sump design to limit the participating oil volume during warm-up [65] ignition of the fuel and causes the peak cylinder pressure. Following the ignition delay, diffusion combustion occurs until the end of injection and is controlled by the rate of mixing of the fuel and air. Diesel fuel economy is the result of the chemical efficiency of the burning of the fuel, the phasing of the combustion, and the reduction in the losses to the cylinder walls. Combustion phasing allows optimization of the pressure-volume (P-V) diagram to maximize the indicated work. Higher temperatures at smaller volumes will yield higher in-cylinder pressures, increasing the force acting on the piston, and the rate of heat release (ROHR) offers a good measure of combustion phasing. Current legislation requires that emissions levels be kept within specified levels and the requirements of lower fuel consumption must be balanced against the effects on problematic emissions.
Problematic emissions in diesel combustion include NO x and particulate matter (PM). NO x can occur by four different methods, but the majority are formed in the diffusion flame where nitrogen (N 2 ) and oxygen (O 2 ) in the charge air react under the influence of the high temperatures [70] . NO x formation is known to decrease exponentially with decreasing in-cylinder temperature. PM emissions are the result of two opposing mechanisms. A rich low-temperature reaction occurring soon after the point of injection causes soot precursors, which then agglomerate to become PM. The majority of these particles are burned in the diffusion flame but, as the in-cylinder temperature is reduced towards the end of the cycle, this can no longer occur [71] . Other harmful emissions are CO and HCs and occur as a result of incomplete combustion [62] .
Common combustion control parameters
Two common ways of controlling engine emissions are the injection timing and the EGR rates. By adjusting the injection timing, the entire combustion process can be shifted to later or earlier in the cycle. If combustion occurs later, then the piston will be further into the power stroke and, as a result, the peak pressure and temperature will be lower (Fig. 15 ). This has a positive effect on reducing NO x emissions but causes an increase in soot [72] ; it also affects fuel consumption as lower in-cylinder pressures will reduce the indicated work (the area of the P-V diagram). The opposite effect is seen when injection is advanced.
EGR acts by diluting the inlet charge with exhaust gases and can reduce NO x emissions at the expense of increasing the PM and fuel consumption. Ladom- Fig. 14 Improvements in the oil temperature following a cold start (210 uC) using novel sump designs [65] matos et al. [73] showed that EGR acts according to three separate principles.
1. The dilution effect. This limits the availability of oxygen, thus reducing the formation of NO x . The dilution effect also increases the amount of air entrained in the combustion jet owing to the lower concentration of O 2 ; this increases the thermal capacity of the jet itself and reduces the peak local temperatures. 2. The thermal effect. This increases the thermal capacity of the charge by introducing tri-atomic gases (water (H 2 O) and carbon dioxide (CO 2 )) in the place of diatomic gases (N 2 and O 2 ), which reduces the average in-cylinder temperature and pressures (Fig. 16 ). 3. The chemical effect. By the additional presence of CO 2 and H 2 O, this increases the endothermic dissociation reactions which absorb heat and reduces the maximum in-cylinder temperature.
The dilution and thermal effects are of particular interest in this study and account for the majority of the effect of EGR.
It is important to note at this point that the ECU controls these parameters based on the engine operating conditions and that engine temperatures are critical inputs to this control system. For example, at lower temperatures, injection tends to be advanced so that fuel is injected when the air is at a higher temperature. This ensures that the fuel can evaporate and combust. At higher temperatures, injection is retarded with the aim of reducing the peak in-cylinder temperatures for NO x control. As a result, any effects seen when influencing the engine TMS must be balanced against the reaction of the control system. For example, changes in fuel consumption and emissions may be observed as a result of changing the thermal setting of the engine but may be partly a result of a different operating strategy (injection timing, injected volume demand, EGR rate, etc.) rather than the physical influences of the changed temperature. Figure 17 gives the results presented by Pang et al. [74] showing NO x -fuel consumption trade-offs for two different operating temperatures versus injection timing and EGR swings. From Fig.17(a) it can be seen that, as the timing is retarded, the effect of the coolant temperature on NO x becomes less significant. It can be first observed from the figure that both the injection timing and the thermal condition have similar effects on NO x , but the injection timing seems to affect fuel consumption more significantly. At advanced timings, the effect of a 20 uC drop in the coolant temperature is to reduce NO x by 3.5 g/h (5.6 per cent) whereas, at more retarded timings, the reduction is only 2.5 g/h (3.7 per cent). Over this same range, fuel consumption increases by about 1g/kW h (0.4 per cent). It is unclear from the data whether the localized minimum in the fuel consumption change and the maximum in NO x reduction are due to a real phenomenon or to the spread in the data. ) demonstrates the interactions of the coolant temperature and EGR setting. It can be seen immediately that the effect of EGR is far greater than the effect of varying the coolant temperature on both NO x emissions and fuel consumption. At lower levels of EGR the effect of the coolant temperature on fuel consumption is much greater than at high EGR rates (0.4 per cent and 0.1 per cent respectively). Again, it is unclear from reference [74] whether the change in the trend for fuel consumption at high EGR rates (where the higher operating temperature increases fuel consumption) is real or due to testing inaccuracies. Further analysis would be necessary into the effects on the inlet conditions and also the potential thermal throttling effects. The effect of the coolant temperature on NO x emissions over the EGR swing slightly increases at higher EGR rates. This could be explained by the cooling of EGR gases using the coolant, although further investigations would be necessary to confirm this.
Interactions of the thermal and combustion systems
The interactions between the thermal setting, EGR rate, and injection timing are important and can be exploited to find even further reductions in NO x and fuel consumption through synergy effects. Up to 20 per cent NO x improvement was achieved with a small improvement in fuel consumption when all three parameters were varied simultaneously [74] .
Brace et al. [18] also considered NO x -fuel consumption trade-offs based on both the injection timing and the engine thermal situation but included changes in the engine loading (Fig. 18) . They found that, at low loads, increasing the engine Fig. 18 NO x -fuel consumption trade-off based on the injection timing and the engine operating temperatures (a reduced flowrate corresponds to a higher operating temperature) at low and medium loads (b.s., brake specific) [18] operating temperature (depicted here by a reduction in the flowrate) had a better effect on the NO x -fuel consumption trade-off than shifting the injection timing (compare the slopes of the temperature swings with those of the injection swings) even if the potential for the injection timing is larger. However, at higher loads, the effect of the coolant temperature is much worse on the NO x -fuel consumption trade-off (the coolant temperature swings are much steeper than the timing swings). In absolute numbers, Brace et al. [9, 18] reported an increase in NO x emissions of 12 per cent at low loads when the coolant and oil temperatures increase by 12 uC, and 33 per cent for a similar situation at high loads; this is consistent with other published work [3, 74, 75] . Fuel consumption was reduced by 2 per cent and 4 per cent respectively in the same conditions. In simplistic terms, it can be said that the adjustments to the cooling system offer 6 per cent and 8.25 per cent NO x improvements per 1 per cent deterioration in fuel consumption at low and high loads respectively. Injection timing offers 10 per cent and 11.5 per cent respectively, which shows that the TMS offers potential as a calibration parameter. HCs have been found to decrease with increasing engine temperature [3] , suggesting that the higher operating temperature encourages more complete combustion.
In-cylinder data were collected by Torregrosa et al. [3] to analyse the IMEP with variation in the coolant temperature. These workers did not report significant differences in the IMEP; however, complete data of the ECU response to the change in the coolant temperature were not published. The ROHR was studied versus the coolant temperature and it was shown that the ignition delay period is highly affected by the temperature (Fig. 19) . This would seem logical as a lower wall temperature would cause more heat transfer from the cylinder and result in a lower gas temperature at the end of the compression stroke. The fuel would then take longer to reach its selfignition temperature because of reduced heat transfer between the gas and liquid. The longer ignition delay would then cause a larger premix combustion spike. This more violent combustion would be expected to cause larger peak pressures and temperatures. This study was completed at low loads as no significant differences were observed at high loads. This may be due to the onset of nucleate boiling which, as discussed previously, would make the metal temperatures insensitive to the bulk coolant temperatures, although no data have been published from which this could be determined.
Despite the larger premix burn, the longer ignition delay causes the process to occur later in the cycle, meaning that the piston is further into its cycle as the fuel is burned. This has the effect of reducing the peak cylinder pressures and temperatures. Finally, operating the engine under cooler conditions improves the volumetric efficiency [75] , meaning that a larger mass of air is present in the cylinder, which thus increases the heat capacity of the charge. This would reduce the peak in-cylinder temperatures but the effect on the peak cylinder pressure is unclear as this is affected by both the temperature and the mass of gas in the cylinder. The IMEP is therefore the result of different opposing mechanisms that seem to cancel out to cause very little change with variation in the coolant temperature [3] .
Despite the clear experimental discoveries of the interactions of the cooling system and combustion events, no comprehensive models have been conceived. This may be due to the ongoing development of combustion models and the crude nature of heat transfer models. Single-zone combustion models are the simplest, where the gas in the cylinder is considered to have uniform pressure and temperature. Combustion heat release is usually modelled using a Wiebe curve, and these models can also include a crude ignition delay parameter. However, single-zone models do not allow emissions formation to be modelled. In contrast, multiple-zone models claim to be able to predict emissions with minimal error. They split combustion into burned and unburned zones (two zones) and combustion flame (three zones) or are dependent on the thermodynamic properties (n zones) but have not been validated experimentally with local in-cylinder data [76] . Combustion heat transfer models use the cylinder wall temperature, although no rigorous method exists for determining this. All the theory is based on empirical heat transfer laws and three types of model are used in engine modelling [77] . A brief description will be given here, but a more detailed review of these models can be found in the work by Finol and Robinson [78] .
1. Time-averaged models. These assess the heat transfer directly to the coolant from a mean averaged gas temperature. Taylor and Toong [79] presented a model of this type which is based on an average gas and coolant temperature. These models offer the advantage of efficient computing but are somewhat outdated apart from the simplest of simulations in current projects. 2. Instantaneous, spatially averaged models. These models give a varying heat transfer over the cylinder cycle dependent on the piston position but assume a uniform gas temperature in the cylinder. Heat transfer is usually modelled between the gas and the cylinder wall, and examples of these models have been presented by Woschni [80] and Hohenberg [81] . 3. Instantaneous local models. These models have varying heat transfer coefficients over the cylinder volume and through the cylinder cycle but require extra knowledge of local conditions. Although this method is the closest to physical events, the amount of data required renders these models impractical for the majority of work.
All the models are primarily conceived with the intention of considering heat rejection from the cylinder rather than the thermal effects on combustion. The combination of the complex nature of the physics involved and difficulties in experimentally validating combustion models are probably the reason for few studies using the interaction of these models with thermal management models. Studies of the effect of the thermal condition on the combustion events are rare, but one example is the work presented by Rakopoulos et al. [82] . These researchers studied the effect of the cylinder wall temperature on the combustion model, but the setting of the wall temperature is very crude and based on assumed temperature profiles. They obtained a small effect of the wall temperature on the predicted maximum in-cylinder temperature. As a single-zone model was used, no accurate effect on emissions could be estimated.
Calibration potential
Emissions analysis has shown that the combustion event is affected by the engine TMS. As far as the present authors are aware, there have been no comprehensive studies on the effect of the coolant temperature on the in-cylinder events. However, the previous work has shown the potential of the engine TMS to affect the key performance characteristics of the engine. This highlights the potential of using the TMS as an additional input variable to the calibration process. By varying the thermal situation of the engine, other parameters (notably the injection timing and EGR, but expanding into variablegeometry turbocharger settings and injection strategies) could be adjusted to offer gains that are not obvious when considering the TMS alone.
It is important to note that any improvements in NO x may be traded off through other combustion control techniques to yield further benefits in fuel consumption and vice versa. For example, a decrease in the operating temperatures may allow the EGR rates to be lowered, which will push the NO x emissions back towards the baseline but at the same time will yield lower fuel consumption and benefits for other emissions species such as PM.
Pang [15] achieved simultaneous reductions in NO x and fuel consumption by adjusting both the thermal management and the combustion control parameters of the engine. The split-cooled engine was optimized for NO x and fuel consumption using the injection timing and the EGR ratio, at different operating points and for different thermal operating conditions. A fully optimized engine required various metal temperatures with operating points which would not be practical but offered between 2.7 per cent and 24.8 per cent reduction in NO x and up to 0.7 per cent improvement in fuel consumption. A compromise solution, with constant engine temperature, offered up to 13.5 per cent improvement in NO x and 0.7 per cent in fuel consumption. While the work presented by Pang showed the potential of the engine cooling system, no in-cylinder data were available, limiting the analysis of the results.
DISCUSSION AND CONCLUSIONS
The engine TMS needs to be studied using a systembased approach, incorporating the lubrication and combustion processes. TMS improvements can be separated into two categories: improvements in the system efficiency and improvements in the system warm-up rate.
Improving the efficiency of the TMS is based on reducing the power demand of the system through improved heat transfer rates in the engine. This method for reducing fuel consumption is solely concerned with the TMS; however, the majority of studies on these systems also invoke a change in the thermal state of the engine. This means that potential fuel-saving gains of these novel systems cannot be separated into benefits from the improved system or simply from running the engine hotter. When the engine is running at a different temperature from the baseline, the resultant change in the fuel economy is a result of interactions with both the lubrication and the combustion processes.
Improving the engine warm-up rate involves increasing the operating temperature of the engine with respect to the baseline to achieve the normal operating temperature more quickly. This is seen to reduce the engine friction and hence the fuel consumption, even though quantifying this in a real engine can prove problematic, owing to measurement difficulties. Methods to improve the warm-up rate involve either reducing the thermal inertia of the system or supplying extra heat, usually recovered from the exhaust gases.
Evidence of the effects of the TMS on the combustion process have been seen, although no comprehensive study on these effects has been completed and leads to a lack of knowledge in this area. This is confounded by the fact that trends in this area are not obvious, as a change in the engine operating temperature affects the volumetric efficiency of the engine, the ignition delay, the ROHR, and the in-cylinder temperatures and pressures. Published data show that there is a potential to use the engine TMS as an extra parameter in engine calibration to achieve benefits in emissions and fuel consumption.
In order to assess fully the benefits of the novel engine TMS, a global approach of friction, combustion, and TMS power demand are necessary. Incylinder data are essential to assess the indicated data and to observe changes in the combustion events. If the physical impacts of the engine TMS are to be understood, they must be isolated from the reaction from the ECU, meaning that full control of this aspect is essential for studies in this area. An understanding of the friction behaviour of the engine under firing conditions is essential to quantify improvements in fuel consumption. Finally, a rigorous testing procedure, capable of repeatedly measuring small changes in fuel consumption, will be necessary for any experimental work. 
